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H I G H L I G H T S
• Stable performance (conversion, par-
ticle durability) in fluidized bed tests
over 30 redox cycles.
• Easily reduces below δ=0.5; the final
products of SrFeO3−δ reduction are Fe
and SrO.
• Attractive for CO or H2 production;
the reduced material regenerates in
mild oxidizers (H2O, CO2).
• Catalytically assists with combustion
of lean CH4 (2.5%) in fluidized bed
tests at T > 550°C.
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A B S T R A C T
This work reports a detailed chemical looping investigation of strontium ferrite (SrFeO3−δ), a material with the
perovskite structure type able to donate oxygen and stay in a nonstoichiometric form over a broad range of
oxygen partial pressures, starting at temperatures as low as 250°C (reduction in CO, measured in TGA). SrFeO3−δ
is an economically attractive, simple, but remarkably stable material that can withstand repeated phase tran-
sitions during redox cycling. Mechanical mixing and calcination of iron oxide and strontium carbonate was
evaluated as an effective way to obtain pure SrFeO3−δ. In–situ XRD was performed to analyse structure trans-
formations during reduction and reoxidation. Our work reports that much deeper reduction, from SrFeO3−δ to
SrO and Fe, is reversible and results in oxygen release at a chemical potential suitable for hydrogen production.
Thermogravimetric experiments with different gas compositions were applied to characterize the material and
evaluate its available oxygen capacity. In both TGA and in-situ XRD experiments the material was reduced below
δ=0.5 followed by reoxidation either with CO2 or air, to study phase segregation and reversibility of crystal
structure transitions. As revealed by in-situ XRD, even deeply reduced material regenerates at 900°C to SrFeO3–δ
with a cubic structure. To investigate the catalytic behaviour of SrFeO3−δ in methane combustion, experiments
were performed in a fluidized bed rig. These showed SrFeO3−δ donates O2 into the gas phase but also assists with
CH4 combustion by supplying lattice oxygen. To test the material for combustion and hydrogen production, long
cycling experiments in a fluidized bed rig were also performed. SrFeO3−δ showed stability over 30 redox cycles,
both in experiments with a 2-step oxidation performed in CO2 followed by air, as well as a single step oxidation
in CO2 alone. Finally, the influence of CO/CO2 mixtures on material performance was tested; a fast and deep
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T
reduction in elevated pCO2 makes the material susceptible to carbonation, but the process can be reversed by
increasing the temperature or lowering pCO2.
1. Introduction
The concept of chemical looping (CL) utilises the reversible reduc-
tion and oxidation of suitable materials in many interesting processes. It
was demonstrated that the reduction of metal oxides (MexOy) can be
employed in air-less combustion, where the oxygen needed for fuel
conversion comes from the solid material instead of air:
+ + → + + +−(2 n m/2)Me O C H (2 n m/2)Me O nCO m/2H Ox y n m x y 1 2 2
(1)
The reduced oxide can be then regenerated in a separate process,
e.g. in air, closing the chemical loop:
+ →−Me O 1/2O Me Ox y 1 2 x y (2)
Besides combustion, the chemical looping concept was also pro-
posed for hydrogen production. It has been shown that for some re-
duced oxides even very mild oxidizers such as H2O or CO2 might be
used [1], and a combustible gaseous product is generated: hydrogen or
carbon monoxide respectively, i.e.
+ → +−Me O CO /H O Me O CO/Hx y 1 2 2 x y 2 (3)
Over the last 20 years, extensive research has been carried out to
firstly investigate, then design materials that can work as oxygen car-
riers (OC), providing oxygen for the combustion application. Most of
them involved oxides of transition metals, which in the suitable tem-
perature range (500–800°C) exist as solid compounds in various oxi-
dation states. Fe, Ti, Mn, Cu, Ni oxides as mono-metallic carriers and
their mixtures as bi-metallic carriers were investigated extensively, in
laboratory scale as well as pilot scale combustion experiments [2–5]. To
improve the oxygen carrier’s stability during the redox cycling, an ad-
dition of supporting component that is nominally inert (Al2O3 [6], ZrO2
[7]) or active (CeO2 [8]) is usually employed. Comprehensive reviews
on metal oxides used for combustion are given by Imtiaz et al. [9] and
Luo et al. [10], and for hydrogen production by Thursfield et al. [11]
and Voitic and Hacker [12].
Ternary oxides with a perovskite structure AMO3 (where A is
commonly some alkaline earth or rare earth metal and M some tran-
sition metal), are also frequently considered for chemical looping ap-
plications. At elevated temperature and/or in reducing conditions some
perovskites have been shown to maintain their crystal structure while
gradually losing oxygen [13]:
↔ +−AMO AMO
δ
2
O3 3 δ 2 (4)
The resulting −AMO3 δ structure is stable, containing M-cations with
mixed valency and significant oxygen nonstoichiometry. Moreover,
depending on the oxygen partial pressure, pO2, and temperature, T, the
cubic perovskite structure −AMO3 δ may completely or partially convert
to brownmillerite, an orthorhombic phase +AMO2.5 δ with some surplus
oxygen. As a result either one of the nonstoichiometric structures or
both may be detected during reduction [14,15].
Previous studies indicate that the kinetics of oxygen release from the
perovskite structure (reaction (4)) are very fast under typical process
conditions. Thus, when the oxygen release occurs, it often becomes
limited by O2 fugacity [16]. However, a partial substitution of A and/or
M-site cations by metallic dopants with similar ionic size can alter the
thermodynamic behaviour of the material in reaction (4) [17,18].
Perovskites have been proposed for use in many processes, such as
carrier materials for oxygen production and storage applications
[14,19,20], oxygen carriers in combustion and hydrogen production
[17,21–23]; electrodes in solid oxide fuel cells [24,25]; as well as
materials for selective ionic membranes in H2 production [17,26] or
CO2 separation [27,28].
Potential materials with perovskite structures tested in chemical
looping applications include CaMnO3−δ, SrFeO3−δ, LaFeO3−δ,
SrCoO3−δ [4,16,29,30] and multi-component materials with mixed
metals for A or M cation sites, or for both sites, such as:
SrFe1−xCuxO3−δ, SrFe1−xCoxO3−δ and La1−xSrxCo1−yFeyO3−δ
[14,20,31]. Similar materials, usually perovskites of Fe or Mn, were
also investigated for hydrogen production: La1−xSrxFe1−yMnyO3−δ,
La1−xSrxMnO3−δ, La1−xSrxFeO3−δ, LaFeO3−δ, LaFexCoyO3−δ,
La1−xSrxCo1−yFeyO3−δ [17,32–36].
For chemical looping applications the main incentive in solid carrier
selection will be its cost, inseparably linked to material’s stability and
abundance. One of the perovskite type compounds that may fulfil these
requirements is SrFeO3−δ as it does not contain expensive elements,
such as rare (lanthanum) or toxic (cobalt) metals. Thus far, the stron-
tium ferrite perovskite has been primarily considered for oxygen sto-
rage and air separation processes due to the low temperature at which
the material starts losing oxygen, even at high pO2 (around 400°C in air)
[14,29].
This study shows that SrFeO3−δ is also attractive for two additional
processes: hydrogen production and catalytic CH4 combustion.
Experiments in fluidized bed setup reveals that lean CH4 (2.5%) com-
busts on SrFeO3−δ at moderate temperatures> 550°C. The investiga-
tion also explores SrFeO3−δ characteristics during high temperature
reduction carried out in highly reducing atmospheres. The reversibility
has also been studied here by oxidation either with air or with a mild
oxidizer. This work reports that the reduction from SrFeO3−δ to SrO
and metallic Fe is remarkably reversible and results in oxygen release at
a chemical potential suitable for hydrogen production, despite the se-
vere changes in structure during the phase transition. The subsequent
reoxidation, either in CO2 or air, quickly regenerates the material from
SrO and Fe back to a perovskite structure: SrFeO2.5 in CO2, or SrFeO3−δ
in air. Owing to reversibility of the reconstructive phase transition, the
useful oxygen capacity is much higher than would be expected con-
sidering the maximum available by exploiting the SrFeO3−δ phase
alone.
2. Experimental
2.1. Materials preparation
Preliminary investigation used solid state synthesis by manual
mixing of stoichiometric amount of Fe2O3 with either SrO or SrCO3
(all > 98wt%, Sigma Aldrich), using a mortar and a pestle until a
mixture with homogenous appearance was obtained. The mixture was
then calcined in a muffle furnace at 1000°C, for 3 h in air.
Characterization of this material showed that the precursor SrCO3 was
much more effective in producing the desired SrFeO3−δ phase.
In order to scale up the production of the perovskite for experiments
in the fluidized bed rig, a planetary ball mill (MTI, model MSK-SFM-1)
was used for powder mixing. Stoichiometric amounts of SrCO3
(0.72 mol) and Fe2O3 (0.36mol) were mixed in the ball mill for 3 h at
25 Hz. Ethanol (50mL, 99.8%, Fisher Scientific) was added as a binder
to improve mixing. The mixture was dried for 24 h at 50°C, and sieved
to < 50 µm, 50–180 µm and 180–355 µm fractions. Then the particles
were calcined in 1 to 4 stages, with each stage consisting of calcination
at 1000°C for 3 h, followed by cooling to room temperature. As a result,
four batches of material were prepared, differing in the total duration of
calcination (between 3 and 12 h). All materials were sieved again after
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final calcination. Unless stated otherwise, the SrFeO3−δ sample used in
the experiments was a sample taken from the large batch of material
prepared with the ball mill.
2.2. Materials characterization
For phase identification of the synthesised and tested materials, X-
ray powder diffraction (XRD) was performed using a PANalytical
Empyrean diffractometer. Rietveld or Pawley refinement was per-
formed using the Topas Academic V4 software [37]. Starting structures
of phases used were Fe (ICSD 53452), Fe2O3 (ICSD 15840), SrO (ICSD
109461), SrCO3 (ICSD 15195), Sr3Fe2O7 (ICSD 74422), SrFe12O19 (ICSD
69022), SrFeO2.5 (ICSD 91065), and SrFeO3 (ICSD 91062). Accounting
for the nonstoichiometric and lower-symmetry perovskite phases of
SrFeO2.75 and SrFeO2.875 did not improve the quality of the fit, there-
fore the compositions are reported with the best fit obtained using cubic
SrFeO3.
A typical diffractogram was collected in the range of 2θ from 5° to
80° using Cu Kα radiation with a voltage of 40 kV and current 40mA.
To investigate possible SrFeO3−δ transformations and the final products
of long SrFeO3−δ reduction, in-situ X-ray powder diffraction was per-
formed using an Anton-Paar XRK 900 furnace, with a total gas flow rate
of 1.0L/min. Temperature induced reduction and reoxidation were
carried out in 5% H2/N2 and air, at temperatures from 25°C up to
900°C.
An additional in-situ experiment was performed to analyse possible
reoxidation with CO2. Here, the program included temperature induced
reduction (similar to temperature programmed reduction, TPR, in TGA,
2.3) carried out from room temperature to 900°C in 5% H2/N2, con-
tinued for additional 1.5 h at 900°C, followed by long isothermal re-
oxidation with CO2 at 900°C (130min), then reoxidation in air at
900°C. During temperature ramp the sample was heated up to an in-
termediate temperature (100, 400, 600, 800, 850°C with 50°C/min
heating rate), where X-ray scans lasting between 5 and 17min were
performed, then the sample was heated up to the next temperature and
the procedure was repeated. The total time for all the heating steps,
including duration of the isothermal intervals for the X-ray scans gave
was the same as the duration of TGA-TPR tests, performed with tem-
perature ramp rate of 10°C/min.
2.3. TGA experiments
Thermogravimetric analysis (TGA) was used to characterize basic
thermochemical properties of the SrFeO3−δ perovskite. TGA experi-
ments were carried out in a TGA/DSC 1, Mettler Toledo analyser with a
horizontal reaction chamber. A balance arm was located in the middle
of the chamber, upon where an alumina crucible containing a test
sample was placed. Throughout the experiments, the chamber was
purged with protective and purge gas flows (50mL/min each, measured
at 20°C and 1 bar, as were all gas flows quoted hereafter), usually Ar
and in one case Air (to obtain pO2=0.21 bar). A reactive gas was
supplied through a capillary tube located above the crucible. The re-
active gas was chosen as needed in an experiment, keeping a constant
gas flow of 50mL/min. The following gases were supplied through the
capillary: Ar, Air, N2, 5% CH4/N2, 5% H2/N2, 10% CO/N2, 20% CO2/
N2, (all BOC,> 99.99%, compositions of mixtures were specified on a
mole basis). For gases supplied through the capillary, the concentration
is about three times lower at the sample due to the dilution with the
protective and purge gases. Around 20–50mg of SrFeO3 was used in
each experiment, with particle size< 50 µm.
Two types of TGA experiments were performed. The first was a
temperature programmed reduction and oxidation (TPR/TPO), in
which a sample was held in a constant atmosphere and its temperature
was first increased to a target value at a constant rate (5–15°C/min),
followed by a decrease at the same rate, with the option to switch the
atmosphere during cooling. This procedure was repeated several times
on a sample to test the material’s stability over a few redox cycles. The
second type of experiments involved sample being heated up to a de-
manded temperature between 400 and 900°C, followed by an iso-
thermal step, where the sample was kept for 2–3 h. During the iso-
thermal step, different reactive gases could be used sequentially. If
needed, the isothermal step was repeated at different temperatures.
Fig. 1. Experimental setup with small scale fluidized bed reactor (i.d. 25mm).
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2.4. Fluidized bed experiments
A fluidized bed reactor was used to investigate material’s behaviour
during multistep redox cycling. Fig. 1 presents a schematic re-
presentation of the reactor system. The bed was held in a quartz reactor,
equipped with a porous disc: a gas distributor, located 110mm from the
gas inlet. The reactor was electrically heated with a tubular furnace to a
demanded experimental temperature, here up to 850°C. From the top of
the reactor a K-type thermocouple was inserted to allow for tempera-
ture control, measuring the temperature of the bed material ∼1 cm
above the porous disk. Gas flows, provided from the bottom of reactor,
were controlled with a system of solenoid valves and rotameters. At the
top of the reactor a sampling tube was inserted in order to continuously
sample the outlet gas for the composition measurements. The sample
gas flow was induced with a pump (16mL/s) and directed through a
drying tube (filled with CaCl2) to a gas analyser (ABB EL3020) for O2,
CH4, CO and CO2 measurement.
CH4 combustion experiments were carried out between 400 and
700°C, using 15 g of SrFeO3−δ, 150–355 µm, as a bed material. The
reactor was heated up to the temperature set-point in the flow of air,
after which the gas was switched to nitrogen for 15 s. Then the flow was
switched to 2.5% CH4/N2 (created with 5% CH4/N2 and N2) to in-
vestigate methane combustion. In between experiments, the bed ma-
terial was reoxidized in air for a minimum of 5min or until a stable
20.8% oxygen concentration at the reactor outlet was measured,
whichever was longer.
Cycling experiments with either two or three-step redox procedure
were performed in the fluidized bed reactor using SiO2 as the bed
material (David Ball Group, washed and dried, 250–355 µm, 15 cm3
unfluidized). The temperature was kept at 850°C with a constant gas
flow of 32mL s−1 (U/Umf∼10). A 10% CO/N2 or 5% CO/10% CO2/N2
mixture was used as the reducing agent for 8min during the reduction
stage. For the two-step procedure, oxidation was performed with 20%
CO2/N2 mixture for 5min; and for the three-step procedure, the oxi-
dation involved 5min with 20% CO2/N2 and a further 5min with air.
Between each gas switch the reactor was purged with N2 for 0.5min. A
single experiment consisted of 31 cycles, where the first cycle was a
blank, after which SrFeO3−δ sample (0.75 g) was dropped-into the
reactor (during the reduction stage) and the required redox cycles were
performed.
To check the durability of the particles, the material was quenched
and recovered after the last oxidation cycle in experiment with 10%
CO/N2 for reduction and a 2-step oxidation. The reactor was rotated by
180° and the bed material slipped into a quartz Schlenk flask, where it
cooled quickly to room temperature in the flow of air. The SrFeO3−δ
sample was then separated from SiO2 with magnet and sieves.
3. Results
3.1. Phase identification
Regardless of the Sr precursor used in solid synthesis, both prepared
Sr-Fe mixtures were black in colour after calcination. The XRD patterns
and detailed composition of the materials determined by Rietveld re-
finement are provided in the supplementary material (ESI S.1 and ESI
S.Table1). XRD revealed the material produced from SrO and Fe2O3
contained a mixture of Fe2O3, SrFe12O19, Sr3Fe2O7, and SrFeO3−δ,
whereas material produced from SrCO3 yielded> 90wt% SrFeO3−δ
after a single calcination step at 1000°C for 3 h (cf.∼40wt% SrFeO3−δ
for the same treatment when starting from SrO). As indicated in Section
2.1, ball milling was used as a mixing technique for preparation of
larger batches of SrFeO3−δ. The milling itself did not result in any de-
tectable solid state reaction as only Fe2O3 and SrCO3 were detected in
the milled sample, with the composition obtained in the refinement
close to that of the starting materials (obtained: 36.0 ± 0.3 wt% Fe2O3
and 64.0 ± 0.3 wt% SrCO3; expected: 35.1 wt% Fe2O3 and 64.9 wt%
SrCO3). The sample after calcination had a very well developed micro-
structure, as can be seen in the SEM picture (ESI S.2).
In comparison to other synthesis methods used in solid carrier
preparation for chemical looping applications, mechanical mixing and
calcination can be easily scaled up. Solid state synthesis has been
broadly used in SrFeO3−δ studies [38–44] but the purity of the per-
ovskite phase is not always reported. In contrast, the work of Lau et al.
[29] indicates that wet synthesis methods (nitrates and Pechini) re-
sulted in a mixture containing only 68 wt% of the SrFeO3−δ perovskite,
among other Sr-Fe-O compounds. The results given in ESI S.Table 1
indicate that mechanical mixing of inexpensive Fe2O3 and SrCO3
powders followed by calcination is effective, and leads to nearly phase-
pure material; more than 2 calcination steps do not appear to lead to
further changes in phases. Interestingly, only the mixture prepared with
SrO and Fe2O3 resulted in the brownmillerite, SrFeO2.5 phase.
3.2. In-situ XRD analysis
In-situ XRD was performed during high temperature reduction and
oxidation to monitor changes in the SrFeO3−δ structure during these
processes. Fig. 2 presents results from cell volume calculations during
temperature treatment between room temperature and 800°C. When
the material was heated under 5% H2 the perovskite unit cell volume
diverges from values obtained in air above 300°C, indicating activity
and higher oxygen nonstoichiometry. The largest divergence is seen
between 350°C and 400°C. Upon exposure to air, the cell volume con-
tracts to values indistinguishable from untreated sample. The indis-
tinguishable unit cell volume suggests good reversibility and quick
equilibration of this process. The unit cell volumes observed here agree
with unit cell volumes observed by Taylor et al. [45] during exposure to
CH4 and air, although the reduction with CH4 started above 450°C, a
higher temperature than observed here in 5% H2.
In the prolonged reduction under 5% H2 with increasing tempera-
ture performed here, SrFeO3−δ started decomposing into SrO and Fe at
800°C. Fig. 3 shows the change in the sample composition determined
by Rietveld refinement of XRD patterns collected isothermally at dis-
crete temperatures. The presence of metallic iron is seen before SrO.
This could be due to the formation of phases that diffract weakly and
Fig. 3. Material composition determined from Rietveld refinement of XRD
patterns collected during reduction of SrFeO3−δ in 5% H2 (95% N2). Data was
collected under isothermal conditions at discrete temperatures from 25 to
900°C. At 800°C under 5% H2, cubic SrFeO3−δ begins to decompose, and by
900°C decomposes completely to form SrO and Fe. Cubic SrFeO3−δ is com-
pletely regenerated in<1min when exposed to air.
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thus are not observed. This most likely corresponds to Sr-rich inter-
mediate phases, which may be less crystalline, and would have lower
symmetry and thus less intense peaks. As reported in the literature,
reduction of oxygen depleted strontium ferrite, SrFeO2.5, results in the
formation of metallic iron and homologous series Srn+1FenO3n+1 of
layered perovskite structures in Ruddlesden–Popper (RP) phases
[40,42]. Sr2FeO4−δ (n= 1) and Sr4Fe3O10−δ (n= 3) phases are con-
sidered unstable at high temperatures, reducing to Sr3Fe2O7−δ (n= 2)
[46]. Additionally, SrFeO3−δ can also tolerate deviations from cation
stoichiometry, both on Sr- and Fe-deficient sites, which in turn allows
for SrFeO3−δ to coexist with RP phases or other Sr-Fe-oxides, SrFe12O19
or Sr4Fe6O13 [46,47]. Nevertheless, no RP phases nor other Sr-Fe-oxides
were visible in the in-situ diffraction patterns, likely owing to the low
phase fraction present, if at all. Still, it is important to note that not all
reflections in the diffraction patterns were accounted for by the re-
finement (see ESI S.3), even when material was reduced to 35wt% Fe
and 65wt% SrO (as expected from stoichiometry for full reduction).
Following the reduction and purging with nitrogen, reoxidation in air
occurs rapidly, and reforms the cubic SrFeO3−δ perovskite in< 5min
(Fig. 3 and ESI S.3).
During heating, SrFeO3−δ loses oxygen and results in the distortion
and transformation of the crystal structure [15]. Depending on the
nonstochiometry, SrFeO3−δ at room temperature has a tetragonal, or-
thorhombic or mixed structure [43,46,48], that, with increasing tem-
perature, transforms into a cubic form (266°C [46]). Under low pO2
cubic SrFeO3−δ transforms to orthorhombic structure (> 535°C [45]),
before forming back a cubic structure (∼835°C [45]). Similarly, Mi-
zasuki et al. who investigated the phase transitions during deep
SrFeO3−δ reduction (with H2), concluded that material transitions from
a cubic perovskite to a mixed perovskite (SrFeO3−δ)-brownmillerite
(SrFeO2.5+δ) structure and returns back to the cubic geometry at 900°C
[15]. Grenier et al. showed that orthorhombic brownmillerite
(SrFeO2.5+δ) transitions to a cubic perovskite-like structure, and the
process depends on temperature and pO2 but should be completed
above 850°C [39]. Since the temperatures of Sr-Fe-O phase transitions
depend on pO2, some differences between reported results are expected.
In this study, however, the fresh and in-situ analysed samples appeared
to only have the cubic structure of SrFeO3−δ. More detailed studies (i.e.
[45]) have previously been carried out using neutron diffraction to
carefully and systematically determine the structural transitions of the
Sr-Fe-O phases. With this in mind, refinements were attempted using
other orthorhombic or tetragonal spacegroups, though the quality of
the fit was not improved. This lack of sensitivity may be due in part to
the use of X-rays in this study, which are less sensitive to the ordering of
oxygen atoms.
During the second in-situ experiment material was reoxidized firstly
in CO2, similarly to the experiment performed in TGA (2.3). Fig. 4
shows selected XRD patterns collected during the experiment at 900°C
under 5% H2, which show evidence for continued reduction and phase
segregation. Cubic SrFeO3 is the primary phase for∼60min, though by
80min there is no longer any SrFeO3 present. After ∼60min at 900°C
under 5% H2, SrFeO3 decomposes into a mixture of Fe and a complex
phase mixture that could not be well described.
When the gas was switched to CO2 a very fast reoxidation was ob-
served, and cubic SrFeO3 was regenerated as a single phase. The pro-
longed exposure to CO2 afterwards did not seem to influence the ma-
terial’s structure significantly. When air was introduced in the final step
the material reoxidized completely, as tracked by changes in the peak
positions as the unit cell volume decreases with higher O-content. No
carbonation was detected during reoxidation with CO2. The experiment
was also repeated at 800 and 850°C, however at these temperatures no
phase separation to Fe and Sr-Fe-oxides was observed. Again, no car-
bonation was detected at both lower temperatures after CO2 reoxida-
tion.
3.3. TGA analysis
3.3.1. Oxygen uncoupling in air
The capability of the strontium ferrite to reversibly change its
oxygen vacancy was also investigated with temperature programmed
reaction in air (used both as protective and reactive gas in the TGA).
The temperature of the sample was changed from 50°C to 900°C and
back to give a preliminary assessment of the rates of the reaction. To
Fig. 2. The unit cell volume of SrFeO3−δ determined by Rietveld refinement of
in-situ XRD patterns collected isothermally in air, or during reduction in 5% H2
and reoxidation in air. When heated under 5% H2 the unit cell volume diverges
at 300°C, consistent with the onset of reduction and higher oxygen non-
stoichiometry. Upon exposure to air, reoxidation is rapid and the unit cell vo-
lume is indistinguishable from a sample that has not been reduced under 5%
H2.
Fig. 4. In-situ XRD patterns obtained at 900°C, during reduction in 5% H2,
followed by reoxidation in CO2 and then air. Prolonged reduction results in
decomposition of cubic SrFeO3−δ; introducing CO2 regenerates the original
cubic SrFeO3−δ, and exposure to air reoxidizes the sample further.
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test the influence from phase impurities on O2-uncoupling behaviour,
two samples prepared by manual mixing were examined: after 1 cal-
cination (highest share of impurities: 9.0(± 3.0) wt% Sr3Fe2O7) and
after 4 calcinations (smallest load of impure phases: 3.0(± 0.4) wt%
Sr3Fe2O7).
The reversibility of the oxygen release can be seen for the sample of
SrFeO3−δ after 1 calcination (3 h) in Fig. 5, where it was subjected to 8
cycles of heating and cooling between 50 and 900°C at a heating rate of
10°C/min. Apart from the first cycle, the behaviour of the material was
stable, although the number of cycles was limited. As noticed by Lau
et al. [29] SrFeO3−δ and other Sr-Fe-O components are susceptible to
CO2 absorption at low temperature, noticeable even during sample
storage (although not detected in XRD analysis, see ESI S.Table 1). This
explains the observed difference in the sample mass loss between first
cycle and all consecutive cycles of the TPR/TPO program (Fig. 5). To
avoid this behaviour the procedure suggested by Lau et al. [29] was
performed, i.e. a decarbonation cycle (TPR/TPO in air, 10°C/min) im-
mediately prior to each TGA experiment described later. The presence
of carbonates in the stored samples was also confirmed during experi-
ments in fluidized bed (ESI S.12).
The overlap of sample mass during the heat-ups (reduction) and
cool-downs (oxidation) in Fig. 5 indicates that the observed reversible
reaction was limited by equilibrium rather than kinetics. This was
confirmed further by the invariant mass-temperature relationship when
the experiment was repeated with different heating rates (5, 10 and
15°C /min), shown in supplementary material (ESI S.9). Thus it sug-
gests that the kinetics of the reaction is fast.
Another interesting feature is the hysteresis observed between 700
and 800°C. It is likely that this feature is due to a different reaction in
this temperature range, perhaps owing to the presence of an impurity
phase. If the hysteresis was caused by the presence of impurities, it
would be expected that the material calcined for 3 h would exhibit more
significant hysteresis than the material calcined for 12 h, as the latter
had higher share of SrFeO3−δ (ESI S.Table 1). Indeed, when the two
samples are compared (Fig. 6), the sample of higher purity shows less
hysteresis. Similarly, no hysteresis was observed for 12 h-calcinated
sample mixed in the ball mill.
3.3.2. Oxygen release in other atmospheres
Oxygen release experiments were also conducted using, as the re-
active gas, Air, N2, CO2 or H2 for the reduction stage (TPR) and air or
CO2 for the reoxidation (TPO). In these experiments, Ar was used as the
protective gas, therefore the effective concentrations above the sample
were lower owing to gas mixing in the TGA, i.e. during oxidation pCO2
and pO2 were ∼0.07 bar. Results from the TPR and TPO of SrFeO3−δ
are presented in Fig. 7. It can be seen that both the starting point and
the rate of oxygen release depend on the reactive gas used. Not sur-
prisingly oxygen release in H2 starts at the lowest temperature (among
the curves shown in Fig. 7A) and is the fastest. It can be assumed that
hydrogen reacts with lattice oxygen on the sample surface and/or
combusts with oxygen released from the sample to the gas phase. Both
mechanisms are possible but the difference between starting tempera-
tures for reduction in H2 (340°C) and inert N2 (370°C) (see a zoom into
Fig. 7A in ESI S.10) suggests a surface reaction.
Interestingly the SrFeO3−δ reduction started at lower temperature
when air was used in the experiment (pO2= 0.07 bar) rather when CO2
(pCO2= 0.07 bar) was applied. Similar effects of CO2 were noted by Lau
et al. [29] for oxygen release by SrFeO3−δ and Bucher et al. [49] for
Ba0.5Sr0.5Co0.8Fe0.2O3−δ, and were explained by the adsorption of CO2
on the surface, which inhibits the release of O2.
Reoxidation of the sample with air (Fig. 7C) followed the same path
as the reduction. For samples reduced in other atmospheres, the reox-
idation was very fast initially and was largely identical to the sample
reduced in air thereafter, no matter how deeply the sample was reduced
at the end of the TPR. This observation suggests again that the kinetics
of the oxidation of the materials can be extremely fast away from
chemical equilibrium.
Reduction in hydrogen showed two distinctive stages. The first one
lasted until the relative mass reached 0.973. Such a large mass loss was
never reached in inert or mildly oxidizing gas (relative mass∼0.980 at
900°C both in N2 and CO2), even when sample was held at high tem-
perature for a prolonged time (see ESI S.11). This change observed
between first and second stage of reaction probably indicates a transi-
tional point, where material was reduced to δ=0.5 and where the
perovskite-brownmillerite structural change has been completed.
The second stage of reduction (below 0.973 of relative mass) in
combustible gas was at first slow, suggesting that stripping of O2 from
the solid was more difficult, however later the reduction accelerated as
the TPR progressed and the temperature increased. Further reduction
was also investigated after the TPR with an additional isothermal step,
carried out for 1.5 h at 900°C as shown in Fig. 8. The sample never
reached equilibrium and the final relative mass was 0.956. Despite the
severe reduction in H2, the transition was found to be completely re-
versible as the sample was reoxidized to the initial mass in the usual
TPO program. Reoxidation to SrFeO3−δ was also confirmed with XRD
of the sample after the described TGA treatment (ESI S.4).
In this study, the total mass loss of 4.4% observed in the TPR and
isothermal reduction in H2, as shown in Fig. 8, must have been con-
nected with the phase transitions and reduction from the perovskite
structure to brownmillerite and further. The theoretical mass loss as-
sociated with O2 release in SrFeO3 to SrFeO2.5 reduction can only be
responsible for up to 4.18% of the mass loss. The starting perovskite
shows some degree of oxygen nonstoichiometry, δ (SrFeO3−δ), so the
amount of oxygen associated with the transition to brownmillerite is
much less than 4.18%. Destruction of brownmillerite SrFeO2.5 as sug-
gested by the mass loss from TGA experiments is in agreement with
observation from in-situ XRD H2-reduction (3.2), where we observed
diffraction patterns consistent with complete destruction and conver-
sion of SrFeO2.5 to Fe and SrO (Fig. 3).
To check products of the reduction in H2, two samples for ex-situ
XRD analysis were prepared in the TGA. The first sample was prepared
by running TPR from 50 to 900°C then back to 50°C, all in the flow of
H2. The second sample was prepared in a program with 50–900°C TPR-
Fig. 5. TPR/TPO curves of SrFeO3−δ in air (pO2=0.21 bar). Sample from a
batch mixed manually and calcined for 3 h (1 calcination), subjected to 8
consecutive cycles of temperature program with a heating rate of 10°C/min.
The first cycle starts with relative mass above 100% because the sample is
partly carbonated, after exposure to air. The carbonates are decomposed on
heating, therefore 100% mass corresponds to the decarbonated and oxidized
state.
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H2 stage, followed by 10 h of isothermal reduction at 900°C, then the
sample was cooled to 50°C in the constant flow of H2. In both cases, ex-
situ XRD performed afterwards revealed the material did not reach
equilibrium (i.e. reduction was not complete). The XRD pattern of the
sample reduced for a longer time (10 h) (see ESI S.7) confirmed partial
destruction of brownmillerite and formation of Sr3Fe2O7, a Ruddlesden-
Popper phase, as well as metallic iron along with brownmillerite
SrFeO2.5.
On the other hand, the XRD pattern of the first sample was domi-
nated by SrFeO2.5, accompanied by several reflections from an uni-
dentified secondary phase (see ESI S.6), suggesting only a small amount
of the brownmillerite was reduced. The secondary phase was not pre-
sent in large enough amount to be identified, but in light of the phases
present in the sample reduced for longer times, was likely Sr3Fe2O7.
If taking the 0.973 value observed in reduction with H2 as the phase
transition boundary (with a stoichiometry SrFeO2.5), then the synthe-
sised perovskite can accommodate oxygen in the amount equal to 2.7%
of its original mass. Therefore the average stoichiometry of product
after calcination was SrFeO2.82. This conclusion is in agreement with
stoichiometry evaluations for samples prepared with a slow cooling
step in air, where the compositions were reported to be in the range
SrFeO2.80-SrFeO2.85 [15,43,44].
The sample after reduction in H2 was also reoxidized in CO2 (Fig. 8),
which brought it back to a relative mass above that expected for
SrFeO2.5 (0.978 vs 0.973). Starkov et al. [42] suggested that the high
temperature (900°C), low pO2 transition from brownmillerite to cubic
perovskite is morphotropic and involves a change in chemical compo-
sition (i.e. it will not happen without oxygen incorporation to the or-
thorhombic structure). From their phase diagram, the material’s cubic
stoichiometry at 900°C would be SrFeO2.52 which is in agreement with
the final mass obtained in this study, when the reduced sample was
reoxidized in CO2 (0.978) [42]. Moreover, the isothermal reoxidation
with CO2 was fast until 0.973 of the starting mass was reached but then
significantly slowed down and reached a plateau at 0.978. This mass
change is also close to the final mass obtained when the ‘as synthesised’
sample was reduced with CO2 (0.980) or with N2 (0.978) (see ESI S.11),
indicating that SrFeO2.52 could be the stable phase in this conditions.
XRD analysis of the sample reoxidized in CO2 and cooled down in that
atmosphere showed the presence of SrFeO2.5, and no carbonation was
observed (ESI S.5).
As seen in the TPO stage (Fig. 7C), CO2 did not reoxidize SrFeO3−δ
following TPR in CO2 and only partially reoxidized the sample after
deep reduction in H2. Air was needed to fully regenerate either of
samples. Therefore it seems that the sample can be effectively reox-
idized with CO2 only if it was reduced firstly below the SrFeO2.5 phase
equilibrium point. In an experiment with a long isothermal step at
900°C in CO2 (as shown in ESI S.11), a stable mass was reached, in-
dicating equilibrium like conditions, similarly to the one observed in
air. Such equilibrium was not met in H2 TPR experiments (Fig. 8).
Fig. 7 B compares the reduction in H2 with reduction in CO and CO/
Fig. 6. TPR/TPO curves for SrFeO3−δ in air (pO2= 0.21 bar). Sample from a
batch mixed manually and calcined for 3 h (1 calcination) or 12 h (4 calcina-
tions). 5th cycle of temperature program with a heating rate of 15°C/min.
Fig. 7. Sample mass change during: (A) and (B) heat up: TPR program in
various atmospheres; (C) cool down: TPO program in air or CO2 (pO2 or pCO2
∼0.07), after reduction with different gases. Temperature change rate was
10°C/min.
Fig. 8. Sample mass change during TPR-TPO program with an isothermal step
at 900°C, carried out for 3 h: 1.5 h in a reducing atmosphere, then 1 h in 20%
CO2 and 0.5 h in air. Temperature change rate was 10°C/min.
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CO2 atmospheres. It can be noticed that the reduction with CO is fast
and starts at a low temperature: 250°C in 10% CO and 325°C in 5% CO/
10% CO2, again below the temperature of spontaneous O2 release seen
in the inert atmosphere (N2). This characteristic can make the material
an attractive option for CO removal in applications such as exhaust gas
cleaning (afterburning) or carbon striping in chemical looping. It is
worth noticing that the mass increase after fast reduction in both CO/
CO2 mixtures most probably indicates carbonation. This small mass
gain was lost quickly as temperature increased. Long isothermal re-
duction was also tested in a CO/CO2 atmosphere (Fig. 8), and it was
observed that the presence of CO2 stops the material’s reduction at a
relative mass of about 0.975–0.976, and the process did not proceed
even when temperature was ramped to 900°C. Therefore pO2∼ 10−16
bar (equivalent to CO/CO2= 1:2 at 900°C) was not sufficient to reduce
the material to iron and RP phases. The slower conversion in CO/CO2
with 1:8 ratio was not accompanied with as severe carbonation as was
observed during TPR in CO/CO2 with 1:2 ratio. After reduction, it was
still possible to partially regenerate the material with CO2 and later
reoxidize it fully with air.
Reoxidation with CO2 was tested further in an isothermal experi-
ment in TGA at 850°C. The sample was reduced in H2 oxidized with CO2
and again reduced in H2. As shown in Fig. 9, the regeneration with CO2
was not sufficient to fully reoxidize the material. Nevertheless, the si-
milar extent of reduction in H2 and same oxidation level in CO2 cycles
indicate that SrFeO3−δ may keep good durability even when cycled
with partial CO2-reoxidation only. The observed characteristic reveals
the material’s potential for hydrogen production (when H2O is used in
place of CO2), similarly to lanthanum-containing perovskites
(LaxSryFeO3−δ and LaxSryMnO3−δ – both tested without air oxidation
[17,22,32], LaFeO3−δ – 2 step oxidation [34], LaFexCoy3−δ – 2 step
oxidation [35]). To examine this further, cycling experiments with and
without air oxidation step were also performed (see Section 3.4) and in
both cases a stable SrFeO3−δ performance for 30 cycles was observed.
3.3.3. Isothermal experiments in various atmospheres
In order to investigate the influence of the reduction potential on
the nonstoichiometry of SrFeO3−δ, a set of isothermal experiments was
also carried out in the TGA. In the first experiment, sample was heated
up to 400°C in air, and kept in that atmosphere for 10–20min until a
stable mass was reached. Then atmosphere was changed to N2 for
45min, followed by a change to CH4 for another 45min. After reduc-
tion steps were finished, air was introduced for 10–20min to reoxidize
the sample. Then the temperature was increased by 100°C in air flow
(which was accompanied with some mass change due to thermally-in-
duced O2 release), and the isothermal step was repeated. The second
isothermal experiment was very similar, except that air was also in-
troduced for 20min in-between intervals of N2 and CH4 flow. In all of
these experiments Ar was used as the protective gas, while the reactive
gas was switched as needed. Therefore air flow resulted in
pO2= 0.07 bar, while CH4 mixture flow gave pCH4=∼0.02 bar.
Fig. 10A and B show that at 400°C reduction in CH4 and N2 was very
similar, indicating that CH4 behaved like an inert. From 500°C much
faster reduction was observed in CH4 than in N2. At 600°C and above,
the mass loss in CH4 was so fast, that curves from two experiments were
overlapping. In the case where the sample was oxidized prior to re-
duction by CH4, the additional oxygen gained by the material was lost
within 42–200 s at 600°C and above, indicating very fast reduction ki-
netics, and further reduction profiles were largely identical for both
experiments. Furthermore, both samples reoxidized to the same mass
each isothermal step started with. As shown in Fig. 11 the relative
sample mass plotted against experimental temperature followed a
straight line, and overlapped with that measured during the tempera-
ture programmed reduction in air. This is an important observation
indicating that SrFeO3−δ can withstand a severe multi-step reduction
with ability of material re-oxidation without any noticeable difference
in its quality before and after the redox experiment. Despite repeated
phase transitions between perovskites and brownmillerite structures,
the reduction to and below the brownmillerite phase seemed to be
completely reversible.
3.4. Fluidized bed experiments
3.4.1. CH4 combustion
Short experiments in the fluidized bed rig were performed in order
to investigate the combustion of methane with SrFeO3−δ. Using model
fuels like CO or H2 for laboratory investigations may give an unfair
picture of reactivity, particularly if the interest is the use of natural gas,
rather than syngas. It has been shown that CH4 can be difficult to
combust, especially at low temperatures and in fluidized beds. Previous
studies report that combustion of CH4 can be observed above the bed at
temperatures higher than 700°C and within the bed at temperatures
above 900°C [50]. This is usually explained by the bed material pro-
moting radical destruction and recombination, resulting in chemical
quenching of the gas phase combustion. With a bed of chemical looping
agent, direct heterogeneous reaction can allow the methane to be
consumed if the solid is sufficiently active (e.g. iron oxide tends not to
interact, whilst nickel oxide is very effective for the conversion of
methane [51]). The oxygen carrier must not only be capable of pro-
viding oxygen, but also of showing some catalytic affinity for the con-
version of methane.
Here, no combustion of methane with gaseous O2 in FB rig was
detected up to 700°C, with SiO2 as bed material (∼2.6%CH4/1.9%O2 in
N2, ESI S.13). However, when SrFeO3−δ was used as the bed material, it
combusted methane mixture starting at 550°C (no O2 was provided
with the fluidizing gas). Gas profiles obtained during the experiments at
550 and 700°C are presented in Fig. 12. At low temperature a long-
lasting oxygen release from the perovskite was observed, accompanied
by slow but stable combustion of CH4; no CO was detected and com-
bustion was complete. At higher temperatures the rate of reaction in-
creased but the gas phase oxygen was still present, clearly not all being
consumed by the fuel.
For the combustion over a catalysts two possible reaction pathways
can be discussed [52]: suprafacial, where oxygen and fuel molecule are
both adsorbed on the catalyst surface; and intrafacial, where oxygen
comes directly from the solid lattice. Perovskites can support both
Fig. 9. Comparison of oxidation with CO2 and air at 850°C. Isothermal program
with reduction in H2 and reoxidation with CO2 or CO2 followed by air. A 30 s.
N2 purge was introduced between gas switching. 100% for relative mass cor-
responds to the stable mass in air at 850°C.
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mechanisms in CH4 combustion [53]. The suprafacial pathway can be
expected at low temperatures, where O2 adsorption on the surface is
favourable. In the low temperature FB experiments (up to 500°C) with
15 g of SrFeO3−δ no pronounced sign of CH4 combustion was observed,
despite the presence of released gaseous O2. Under these conditions
SrFeO3−δ did not show catalytic activity, therefore neither possible
pathway was active. On the contrary, the perovskite material assisted
with methane combustion at higher temperatures, Fig. 12 (T > 550°C).
As CH4 was combusted, excess gaseous oxygen was also released from
the perovskite. In this case, it is difficult to distinguish which catalytic
mechanism dominates since SrFeO3−δ uncouples oxygen at low tem-
peratures at which CH4 combustion would require a catalyst.
The CH4 oxidation experiment proved that lean CH4 combustion
with SrFeO3−δ is possible with an onset temperature (550°C) only
slightly higher than temperatures for fluidized bed methane combus-
tion carried out over metal catalysts (T > 450°C with Pd/Al2O3 cata-
lyst [54]; T > 650°C with Cu/Al2O3 [55]). It is worth noticing that this
type of materials catalysed CH4 reaction with oxygen from air (con-
tinuously fed to reactor), opposite to SrFeO3−δ being a source of oxygen
itself. Moreover, the micro-structure of the investigated SrFeO3−δ
sample is very well developed, as can be seen in the SEM picture (ESI
S.2). This may positively influence the catalytic properties of the ma-
terial for the heterogeneous reactions.
Combustion over SrFeO3−δ can be an interesting option for utili-
zation of low CH4 concentration mixtures, whilst avoiding the need for
a noble metal catalyst to be present.
3.4.2. Multistep redox cycling with CO as the fuel
Typical gas profiles measured during 3-step redox cycling in the
fluidized bed rig are shown in Fig. 13. Immediately before the experi-
ment a blank experiment was performed. The sample was then dropped
into the bed during the reduction phase of the first cycle, resulting in
the production of oxygen and consumption of carbon monoxide. In the
following cycles, reduction resulted in carbon dioxide production only.
In the first oxidation step (with CO2) carbon monoxide was the main
product, in the second oxidation step oxygen was consumed. Altogether
30 redox cycles per experiment were performed. The measurements of
gas concentrations were used to calculate the relative mass change of
SrFeO3−δ, −m ( )r . Using CO2 (reduction) or CO (1st oxidation) molar
fractions:
Fig. 10. TGA experiment for 5 isothermal steps carried at 400–800°C in: (a) 45min N2, 45min CH4, 20min air, heat up in air, (b) 45min N2, 20min air, 45min CH4,
heat up in air.
Fig. 11. Sample mass vs temperature in TPR in air and 5-step TPR-isothermal
programs. In TPR-isothermal tests, the isothermal stages involved gas switching
sequence: N2, CH4, air or N2, air, CH4, air (also Fig. 10 in the manuscript). In
reoxidation at the end of each isothermals stage the sample mass got back to the
same value as observed at the beginning of the isothermal step. Mass loss visible
in the graph was due to temperature ramp up between each isothermal steps.
Fig. 12. Gas profiles during low concentration CH4 combustion in fluidized bed
rig at: 550°C, where oxygen release and low rate CH4 combustion were ob-
served; and at 700°C, where O2 release and much faster CH4 combustion were
noticed. SrFeO3−δ (15 g) was used as the bed material.
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∫= −m x x V C dt mM · ( ) ̇ /r t
t
exp blank FR totalO 0
s
e
(5)
Using O2 (2nd oxidation) molar fractions:
∫= −m x x V C dt mM · ( ) ̇ /r t
t
blank exp FR totalO 0
s
e
2 (6)
where MO, MO2 is oxygen molar weight (16 or 32 gmol
−1), ts and te
represent time at the start and end of reduction or oxidation stage, x is
the molar fraction of CO, CO2 or O2 measured in experiment and in a
blank cycle (performed at the same temperature and flow conditions),
VḞR is the gas flow rate at the reactor inlet (m3/s), measured at ambient
pressure and temperature: p= 101 325 Pa and T=20°C, Ctotal is the
total molar flow (mol/m3),m0 is the starting mass of the sample used in
experiment (0.75 g). Additionally, since there was an O2 release as the
sample was added, the mass change calculations in the first cycle re-
duction step accounted for mrO2 - the mass change connected with
the O2 peak: = +m m mr r rCO O2, where mrO2 was calculated in a similar
way as presented in Eq. (5), but using MO2 (32 g/mol) instead. No gas
phase O2 release was observed in the following cycles. In the calcula-
tion a diluted system with no change in the total molar flow was as-
sumed.
The relative mass changes for the SrFeO3−δ for the cycling experi-
ments with reduction carried out in CO and the two-step oxidation (in
CO2, then in air) are shown in Fig. 14. The material showed good sta-
bility, with a similar conversion at each redox stage over the 30 cycles.
The mass changes during the two stages of reduction totalled ∼7%,
which is higher than the mass loss in the experiments in the TGA. 7%
represents material’s total CLC capacity available at 850°C, i.e. the sum
of oxygen released to the gas phase in a CLOU mechanism and oxygen
removed from material via combustion with the reducing medium
(CO). The sample tested in this experiment was retrieved from the re-
actor after last oxidation cycle, and was found to be SrFeO3−δ (ESI S.8),
showing that material regenerated back to a perovskite structure in the
FB tests. The reduction in CO seemed to be reversed almost completely
by the first oxidation carried out with 20% CO2/N2 mixture, with the
second stage of oxidation only increasing the mass of the SrFeO3−δ by a
further ∼1%. This ∼1% mass change is lost in the N2 purge and in-
dicates the material’s CLOU potential. The ∼5.5–6% mass change
during re-oxidation with CO2 (or equivalently reduction in CO) re-
presents the capacity to produce CO or H2 (if steam were used as the
oxidant).
A 2-step redox experiment (air oxidation omitted) was also per-
formed and the results of the observed mass change over 30 cycles are
presented in Fig. 15. Again a very stable behaviour over many cycles
was seen with the mass change during reduction with CO matching that
gained during oxidation with 20% CO2. The final oxidation with air
does not appear to be required to maintain stability, perhaps because
CO2 is sufficiently oxidizing to regenerate the perovskite phase.
Finally, Fig. 16 shows an experiment performed with 5% CO/10%
CO2 mixture as the reducing gas. The lower reducing potential of that
mixture resulted in 1/3 of the reduction observed in tests with 10% CO
(comparison of CO2 production curves from both experiments is pre-
sented in ESI S.14). It is also clear from Fig. 16 that the reoxidation in
20% CO2 after the reduction in 5% CO/10% CO2 was not as efficient as
in previous experiments.
The final air oxidation is crucial to maintain the material’s activity
in the next cycle. Specifically, if the second oxidation step under air is
omitted, the mass change during reduction quickly decreases with cycle
number (Fig. 16). Introduction of air in later cycles recovers some
performance, but not to the level observed in the first cycles.
Finally, we note the reduction performance under N2 displays
considerable scatter (Fig. 16), though no clear trend emerges. The raw
experimental concentration profiles can be seen in ESI S.15. To com-
pare the combustion performance in all FB experiments, CO2 produc-
tion curves in reference to time are shown in ESI S.14. We noticed that
combustion was the fastest and noticeable for the longest period of time
when reducing gas did not contain CO2. On contrary, the reaction in
5%CO/10%CO2 atmosphere seemed to be suppressed by the presence
of CO2.
4. Discussion
For combustion application perovskites are often found to have low
oxygen capacities. The stoichiometry of SrFeO3 suggests that 4.18 wt%
oxygen is available, but the practical capacity is lower due to inevitable
oxygen nonstiochiometry (δ), if sample was not synthesised under high
pO2 [38]. In-situ XRD analysis, as well as experiments performed in TGA
and FB reactor showed that the perovskite can be reduced further than
brownmillerite, resulting in phase separation to Fe and SrO. The phase
Fig. 13. Gas profiles during SrFeO3−δ three step redox cycling in FB rig: 8min
reduction in 10% CO/N2, 5 min oxidation in 20% CO2/N2, 5min oxidation in
air, between each stage: 0.5 min purge with N2. Gas concentrations obtained
during first and second cycle, T= 850°C.
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Fig. 14. SrFeO3−δ sample mass loss due to redox stages in fluidized bed rig
experiments (T= 850°C). 3-step cycling experiment (reduction: CO, oxidation:
CO2, air). Raw data, presenting gas profiles measured during reduction in N2
(red symbols) is presented in ESI S.15.
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separation is completely reversible through oxidation in air or CO2. Up
to 7% of the material’s mass change in fluidized bed experiments
(850°C) represents total SrFeO3−δ CLC capacity (O2 availability for
combustion), including ∼1% of CLOU capacity (O2 released to the gas
phase), a> 50% higher oxygen capacity than the amount of O2 cal-
culated for the perovskite (δ=0)–brownmillerite (δ=0.5) phase
change only. The ∼1% CLOU capacity indicated that the material was
able to re-oxidise to SrFeO2.62 (δ=0.38) at these temperatures in air,
and was probably limited by thermodynamic equilibrium. This is in
good agreement with SrFeO3−δ stoichiometry at pO2= 0.21, 850°C
presented in [15,42].
No problems due to particle sintering or attrition were encountered
in the experiments (ESI S.16), the material can still be a potential option
for the combustion. Nevertheless, longer term trials and more research
is needed to investigate the vulnerability of SrFeO3−δ to poisoning, e.g.
by other flue-gas components such as oxides of sulphur or nitrogen.
In case of combustion applications another aspect that needs to be
considered is the thermodynamic limitations imposed by the presence
of combustion products: H2O and CO2. The TPR program that was
performed in various CO/CO2 atmospheres (Fig. 7B) showed that the
introduction of CO2 delays the combustion (starts at higher temperature
than in CO) and limits the oxygen capacity available in the reduction. A
similar effect can be observed during reduction of Fe2O3 in a fluidized
bed reactor, where it is foreseen that due to the high pCO2 the only
transition possible will be the reduction from hematite to magnetite
[56]. Therefore in FB systems with Fe2O3 as a carrier, only about 11%
of its oxygen capacity will be of use. On the other hand Bayham et al.
calculated that an analogous system with a counter-current flows will
allow to increase the utility of Fe-carrier to 50% of its capacity [3,56].
A reducer with a counter-current design have been developed by the
group of Fan with a 25kWth CLC rig [57]. Hence, thermodynamic
constrains for solid oxides reduction may not be an ultimate obstacle for
applicability in chemical looping combustion. Similar systems with
compounds such as SrFeO3−δ, which release oxygen into the gas phase,
will allow for both high oxygen carrier and fuel conversion. Following
the results from the TGA experiments (Fig. 7B) it can be concluded that
relatively high pO2 simulated with CO:CO2 mixture in 1:8 ratio
(equivalent pO2=∼10−15 bar) allows for reduction that results in a
mass loss of 2.5%, similar to the mass loss in hematite to magnetite
reduction (3%). Relieving the thermodynamic constrains by a decrease
of the effective pO2 in the reducer reactor will increase the potential
available in SrFeO3−δ, ideally to ∼7% mass change, as observed in FB
experiments. This, assuming that the starting material is SrFeO2.82 and
the final product is SrO+Fe, will represent usage of 45.5% of mate-
rial’s theoretical oxygen capacity.
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Fig. 15. SrFeO3−δ sample mass loss due to redox stages in fluidized bed rig
experiments (T= 850°C): 2-step cycling experiment (reduction: CO, oxidation:
CO2).
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Fig. 16. SrFeO3−δ sample mass loss due to redox stages in fluidized bed rig
experiments (T= 850°C): 18 cycles in a 3-step cycling mode (reduction: CO/
CO2, oxidation: CO2, air), followed by 8 cycles in a 2-step cycling mode (re-
duction: CO/CO2, oxidation: CO2), followed by 3 last cycles in a 3-step cycling
mode (reduction: CO/CO2, oxidation: CO2, air). Raw data, presenting gas pro-
files measured during reduction in N2 (red symbols) is presented in ESI S.15.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
E. Marek et al. Applied Energy 223 (2018) 369–382
379
Carbonation of SrFeO3−δ is an interesting aspect that needs further
investigations. As shown in Fig. 14, in FB rig during the reduction in CO
up to 6% of the material mass was utilised in the combustion. Such a
deep reduction did not result in coking or carbonation of the material
(ESI S.17). Also no carbonation was observed during in-situ XRD ex-
periments with CO2 used for SrO+Fe reoxidation. On the other hand
the TGA experiments with CO/CO2 mixtures indicated a transient car-
bonation that was reversed as the temperature was increased (Fig. 7C)).
No carbonation was seen for pure SrFeO3−δ perovskite in other
studies [29]; they associated carbonation with the presence of im-
purities – namely the Sr3Fe2O7 phase, and observed that carbonation of
the impurities happened at higher temperatures and was not reversible.
In our study, with higher purity samples, the material carbonated
mostly at lower temperature and a TPO program was efficient to re-
generate the sample. On the other hand Schmidt has shown that
SrFeO2.5, of brownmillerite structure, expected during 400–850°C part
of the TPR program [15,45], is also prone to carbonation [41].
The SrFeO2.5 carbonation was shown to start at temperature around
400°C (and was limited by slow reaction kinetics) but it was reversible
at 870°C. The author suggests that the products of carbonation convert
back to SrFeOx above a critical temperature that depends on CO2 partial
pressure and decreases with decreasing pCO2. The TPR programs carried
out in TGA with CO/CO2 atmospheres indicate that indeed the carbo-
nation was most likely connected to the brownmillerite phase (Fig. 8).
In a more reducing atmosphere, with CO/CO2 ratio 1:2
(pCO2∼ 0.03 bar), the material reduced quickly resulting in a high
share of the brownmillerite phase in the appropriate temperature
window, which may have made the material susceptible to carbonation
at intermediate temperatures. When the temperature was increased the
mass gain due to carbonation was lost as the carbonates were likely
reconverted to perovskite SrFeOx. Moreover when the sample was re-
oxidized in air the mass returned to the starting value (if carbonates had
not decomposed, the sample mass would have been higher). On the
other hand, a higher share of CO2 in the mixture (CO:CO2 with a ratio
1:8, pCO2∼ 0.04 bar) decreased the rate of material reduction. The
slower reduction resulted in less brownmillerite being formed within
the temperature window for carbonation, despite having a slightly
higher pCO2. Finally, after the very deep conversion in H2, material did
not seem to carbonate during reoxidation in CO2. According to results
by Grenier at al [39], at 850°C all brownmillerite should transition back
to the cubic perovskite. Therefore it can be assumed that no brown-
millerite was present and so sample was not prone to carbonation.
The transient character of carbonation is connected to the thermo-
dynamic parameters (T and pCO2, degree of material’s reduction), and
may also explain why no carbonation was visible in FB experiments in
10% CO reduction, despite the presence of CO2 (measured up to 5%
CO2 concentration at the reactor outlet, Fig. 14). On the other hand, in
experiments with twice as high CO2 introduced directly to the FB re-
actor (5%CO/10%CO2 mixture, Fig. 16), a small CO2 release was ob-
served during the reoxidation in air (ESI S.18, CO2 peak up to 0.6%),
indicating carbonation. Coking is a less plausible explanation since any
coke would have been gasified during the 20% CO2 oxidation stage. It is
most likely that the material carbonated during the reduction stage. If it
was only reduced and not carbonated then reoxidation with 20% CO2
should be associated with a similar mass change during reduction, i.e.
as in the experiment with reduction in 10% CO (Figs. 14 and 15). In-
stead, reoxidation with CO2 was much less efficient as it was possibly
obstructed by the presence of carbonates. Finally during the last stage,
when air, with its low pco2 was introduced, decarbonation and oxida-
tion could occur concurrently. When air-oxidation step was omitted in
the second part of experiment presented in Fig. 16 with the cycle
shortened to reduction in CO/CO2 and CO2 oxidation only, the mate-
rial’s activity quickly declined. As carbonated oxygen carrier could not
regenerate in CO2, it could not be reduced further either.
The fact that SrFeO3−δ can be easily synthesised from SrCO3 (3.1),
and that carbonation only seems to occur over a narrow range of high
pCO2 and under strongly reducing conditions (owing to the stability of
the perovskite phase in the TGA), explains why the reversed reaction of
carbonation should be expected, on reoxidation with air but perhaps
not CO2. Therefore, should a degradation in performance be observed,
it may be possible to regenerate the material easily. On the other hand,
the lack of carbonation in TGA when severely reduced sample was
exposed to CO2 at 900°C indicates that the carbonation can be avoided
entirely when redox is carried out at higher temperatures (> 850°C).
Carbonation may not be as problematic in hydrogen production
(H2/H2O systems), where material will be only in contact with CO2
generated during the reduction step. Nevertheless both results from
TGA as well as from FB experiments shown that a high partial pressure
of a mild oxidizing gas, such as CO2 in our study, or H2O in hydrogen
production, will influence the reduction process, imposing thermo-
dynamic restrictions. Clearly, in order to evaluate the extent of that
influence, a set of reliable thermodynamic data for SrFeO3−δ is needed.
To the authors’ knowledge only limited information on SrFeO3−δ phase
diagram can be found in the literature. The most complete ones (in
respect to T, pO2 and δ) were published by Mizusaki et al. [15] and
Starkov et al. [42]. However, those works were limited to relatively
high oxygen partial pressures only (pO2 > 10−5 bar, eq. CO2/
CO=1.26 · 106 at 1123 K), characteristic for the spontaneous O2 re-
lease stage, as observed e.g. during TPR in air or CO2 shown in Fig. 7.
To understand the reduction behaviour observed with H2 or CO, a
further investigation of possible phase transitions accompanying
SrFeO3−δ reduction to Fe and SrO, and their associated oxygen fugacity
is needed. Nevertheless our study shows that SrFeO3−δ is a very in-
teresting material, also for the hydrogen production as the reoxidation
with CO2 was shown feasible.
It is worth noting that SrFeO3−δ at its highest capacity during re-
oxidation in CO2 (1 stage reoxidation only), resulted in a production of
3.75 mmolCO/gSrFeO3−δ and the same number can be expected for H2
production when steam is used instead. That number was only about a
half of H2 yields that can be achieved with very stable Fe-Ca-Al carriers
designed for H2 production [58]. Nevertheless it is worth highlighting
that SrFeO3−δ showed very good cycling performance even without an
intermediate reoxidation stage, and unlike Fe-Ca-Al materials,
SrFeO3−δ has the ability to produce gas phase oxygen during the first
stage of reduction. It is also worth pointing out that the simple pro-
duction method and low cost of both substrates (SrCO3 and Fe2O3 are
priced similarly at 1 tonne scale for materials of 97% purity) put the
proposed SrFeO3−δ perovskite in the range of the cheapest synthetic
oxygen carriers, such as Fe2O3 by itself.
Chemical looping concepts present a promising approach for power
generation combined with CO2 capture. The attractiveness of this
technology depends significantly on the extent to which the looping
process can be integrated with the rest of the process flow sheet, e.g. the
steam power cycle if used for power generation. As analysed by Khan
and Shamim [59], the energy penalty connected to chemical looping
combustion correlates with thermodynamic properties of the oxygen
carrier and its oxygen transfer capacity. In addition to the thermo-
dynamic constraints (supplying oxygen at the right chemical potential,
and heat at the right temperature) and the capacity, cost and durability
are also important. The capacity per mass is lower for perovskites than
for monometallic carriers, requiring a higher circulation of solids.
As mentioned above, the cost of the raw materials for SrFeO3−δ is
relatively low, but the material is still manufactured and may not be as
cost competitive as minerals that have been suggested for CLC [60]. The
higher cost can be compensated for by a longer lifetime; dictated by
chemical and mechanical stability. In the present work, the losses in
material activity through interaction with impurities or attrition were
minor, but the chemical and mechanical stresses experienced in lab
tests are of different magnitude and duration to those in a full scale
circulating system. Chemical looping combustion is not overly re-
stricted by material thermodynamics, providing material can release or
donate oxygen at the required temperature range (i.e. T > 850°C for
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fluidized bed coal CLC), making integration with the power cycle
straight forward. Accordingly, the cost is primarily driven by the ma-
keup rate and the cost per mass of the oxygen carrier, and thus cheap
minerals are a difficult benchmark to beat. Further work is needed to
establish if SrFeO3−δ would have a lifetime sufficient to compete with
the mineral carriers. Moreover, the study tested the material in the
operating temperature up to 900°C. This allows to conclude about
SrFeO3−δ potential and feasibility for integration in coal combustion
units. For coal gasification plants (iGCLC), where turbine inlet tem-
perature will be in a range of 1300°C [61,62], the lower temperatures
required in the redox loops will impose thermal and therefore efficiency
losses.
For other processes which do require the oxygen chemical potential
to be optimised, the potential advantages of SrFeO3−δ are more clear.
In these processes, the mechanical stresses may be lowered by using
packed beds, and the chemical environment is more carefully con-
trolled. For example, systems can be designed such that the oxygen
carrier does not come into contact with ash, or in some cases even the
fuel. So far, SrFeO3−δ has been recognized as a promising material for
oxygen production integrated with coal oxy-fuel combustion (CLAS-
oxy-fuel) [63] using the transition between SrFeO3−δ and SrFeO2.5
(identified for O2 production). Given the limited structural change, a
material might be expect to cycle indefinably. Our work shows that the
transition between SrFeO2.5 and Fe+ SrO has a large oxygen capacity,
and chemical potential very suited also to hydrogen production. Further
flow sheeting studies are needed to establish if the promising thermo-
dynamic properties translate into a competitive efficiency when the
process is fully integrated.
5. Conclusions
This study demonstrates that solid synthesis with SrCO3 and Fe2O3
is a simple and efficient preparation method that results in production
of pure SrFeO3−δ in a perovskite structure. The material can catalyti-
cally assist with combustion of lean CH4 (2.5%) in fluidized bed, at
temperatures> 550°C. Long SrFeO3−δ reductions, carried out with
highly reducing atmospheres in TGA and fluidized bed reactor, ac-
counted for more than 4.18% mass change, indicating reduction below
δ=0.5. This report shows that much deeper reduction, from SrFeO3−δ
to SrO and Fe, is reversible and results in oxygen release at a chemical
potential suitable for hydrogen production. This was also confirmed
with in-situ XRD, where diffraction patterns clearly showed the final
products of SrFeO3−δ reduction were Fe and SrO. Moreover, the deeply
reduced material can be partially regenerated to SrFeO2.5 by oxidation
in CO2 or completely regenerated to SrFeO3−δ in air.
The possibility of using a mild oxidant, such as CO2 or H2O, makes
SrFeO3−δ attractive for CO or H2 production. The material was stable to
repeated cycles of reduction in 10% CO, in terms of SrFeO3−δ conver-
sion (measured by mass change) and particle mechanical robustness (no
sintering nor attrition was observed) during long cycling experiments in
a fluidized bed reactor. There is a narrow window in which the material
can carbonate (in high pCO2 and when the material is reduced), al-
though carbonates can be removed by oxidation or avoided entirely by
using higher temperatures (> 850°C).
Data
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